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The genome of Xanthomonas albilineans, the causal agent of sugar cane leaf scald, carries a
gene cluster encoding a predicted quorum sensing system that is highly related to the diffusible
signalling factor (DSF) systems of the plant pathogens Xylella fastidiosa and Xanthomonas
campestris. In these latter pathogens, a cluster of regulation of pathogenicity factors (rpf) genes
encodes the DSF system and is involved in control of various cellular processes. Mutation of
Xanthomonas albilineans rpfF, encoding a predicted DSF synthase, in Florida strain XaFL07-1
resulted in a small reduction of disease severity (DS). Single-knockout mutations of rpfC and rpfG
(encoding a predicted DSF sensor and regulator, respectively) had no effect on DS or swimming
motility of the pathogen. However, capacity of the pathogen to cause disease was slightly
reduced and swimming motility was severely affected when rpfG and rpfC were both deleted.
Similar results were obtained when the entire rpfGCF region was deleted. Surprisingly, when the
pathogen was mutated in rpfG or rpfC (single or double mutations) it was able to colonize sugar
cane spatially more efficiently than the wild-type. Mutation in rpfF alone did not affect the degree
of spatial invasion. We conclude that the DSF signal contributes to symptom expression but not to
invasion of sugar cane stalks by Xanthomonas albilineans strain XaFL07-1, which is mainly
controlled by the RpfCG two-component system.
INTRODUCTION
Xanthomonas albilineans is a Gram-negative bacterium that
causes leaf scald, a lethal disease of sugar cane (Ricaud &
Ryan, 1989; Rott & Davis, 2000). This pathogen multiplies
in the xylem and systemically colonizes the entire host plant,
including the leaves, the stalk and the roots (Champoiseau
et al., 2006; Klett & Rott, 1994). Transmission occurs via
infected cuttings, contaminated harvesting tools and aerial
means. Disease symptoms vary from a single, white, narrow,
sharply defined leaf stripe to complete wilting and necrosis
of infected leaves, leading to plant death. Sugar cane leaves
may also emerge with extensive white chlorosis from which
the pathogen is sometimes absent. However, even if leaf
scald symptoms result from changes in the chlorenchyma
cells, Xanthomonas albilineans is constrained within the
xylem (Birch, 2001).
In contrast to other pathogenic xanthomonads, Xantho-
monas albilineans lacks a hypersensitive response and
pathogenicity (Hrp) type III secretion system (T3SS) that
delivers effector proteins or virulence factors from the
bacterial cytoplasm into the plant host cell (Pieretti et al.,
2009). The causal agent of leaf scald is also missing the gum
gene cluster that is involved in biosynthesis of xanthan
gum, an essential pathogenicity factor of Xanthomonas
species (Danhorn & Fuqua, 2007). Xanthomonas albili-
neans produces albicidin, a unique and specific toxin that
causes foliar symptoms of sugar cane leaf scald (Birch,
2001). However, albicidin-deficient strains of the pathogen
are still able to colonize the sugar cane stalk. Toxin-
deficient mutant isolates of strain XaFL07-1 from Florida
are even able to cause disease symptoms, showing that
albicidin is not always necessary for expression of leaf scald
symptoms (Rott et al., 2011). Other putative pathogenicity
factors of Xanthomonas albilineans include hypothetical
proteins, cell surface polysaccharides, a membrane fusion
protein conferring resistance to novobiocin, transport
proteins, TonB-dependent outer-membrane transporters
and an OmpA family outer-membrane protein (Pieretti
et al., 2012; Rott et al., 2011).
Abbreviations: DS, disease severity; DSF, diffusible signalling factor;
ESC, extent of stalk colonization; ESC-lo, extent of lower stalk
colonization; ESC-up, extent of upper stalk colonization; I, internode;
LB, Luria–Bertani; MW, modified Wilbrink; T3SS, type III secretion
system; USDA, United States Department of Agriculture.
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The genome of Xanthomonas albilineans also contains a
cluster of genes called regulation of pathogenicity factors
(rpf) (Pieretti et al., 2009). This cluster of genes encodes a
quorum sensing (also called cell–cell signalling) system that
controls several cellular and biological processes in Xylella
fastidiosa, Stenotrophomonas maltophilia and several species
of Xanthomonas (Barber et al., 1997; Chatterjee et al.,
2008b; Dow, 2008; Fouhy et al., 2007; He & Zhang, 2008;
Tang et al., 1991). The rpf gene cluster is especially used by
these pathogenic bacteria to regulate the expression of
factors contributing to virulence, such as extracellular
polysaccharides, extracellular enzymes and flagellum syn-
thesis (Dow et al., 2003; Guo et al., 2012; He et al., 2006;
Ryan & Dow, 2011; Wang et al., 2012). A signal molecule
called diffusible signalling factor (DSF) mediates this cell–
cell signalling. The rpfF gene has been shown to be required
for production of DSF (Barber et al., 1997; Newman et al.,
2004), which is a cis-unsaturated fatty acid (Wang et al.,
2004). Perception of DSF and signal transduction depends
on a two-component signal transduction system that
comprises the sensor kinase RpfC and the regulator RpfG
(He & Zhang, 2008; Ryan & Dow, 2011; Ryan et al., 2012).
The sensor RpfC is known to negatively regulate the
synthesis of DSF, and mutation of rpfC results in
overproduction of DSF. In contrast, mutation of rpfG has
a negative effect on DSF levels in Xanthomonas spp. (He
et al., 2010; Slater et al., 2000; Sun et al., 2010).
Phenotypes due to mutation in different rpf genes vary
according to the bacterial pathogen, from deficiency in
virulence to hypervirulence, thus suggesting that members
of the Xanthomonadaceae family have adapted their
signalling system to fit specific needs for colonization of
different hosts (Dow, 2008). In Xanthomonas species,
mutation of rpfF or rpfC results in reduction of virulence
(Dow et al., 2003; He & Zhang, 2008; Siciliano et al., 2006;
Thowthampitak et al., 2008). In contrast, in Xylella
fastidiosa, rpfF mutants are more virulent than the wild-
type strain when mechanically inoculated into plants
(Newman et al., 2004). However, DSF-deficient mutants
of this pathogen are affected in transmission by its insect
vector (sharpshooter leafhopper), showing that cell–cell
signalling controls the interactions of Xylella fastidiosa with
both plants and insects (Newman et al., 2004; Chatterjee
et al., 2008a). Furthermore, mutations of rpfF and rpfC
have opposite effects in Xylella fastidiosa. Mutation of rpfF
in this pathogen results in a bacterium that is able to spread
more extensively to xylem vessels and to reach higher
populations in these vessels than the wild-type strain
(Chatterjee et al., 2008b), whereas loss by mutation of the
sensor RpfC results in a bacterium deficient in movement
and multiplication within grapevine (Chatterjee et al.,
2008c).
Although a DSF-like molecule has been detected in
Xanthomonas albilineans by Wang et al. (2004), the
importance and role of DSF and of the different Rpf
proteins in this sugar cane pathogen have yet to be
described. We report herein the characterization of rpf
mutants of Xanthomonas albilineans. Our findings indicate
further diversification in the role of the different Rpf
components from that previously described for other
xanthomonads.
METHODS
Bacterial strains and culture conditions. Strain XaFL07-1 of
Xanthomonas albilineans was isolated in 2007 from a diseased sugar
cane leaf that was sampled at the United States Department of
Agriculture (USDA) Sugar Cane Field Station at Canal Point, FL. It
was cultured routinely at 28–30 uC on modified Wilbrink’s (MW)
agar medium containing sucrose (10 g), peptone (5 g), K2HPO4 .
3H2O (0.50 g), MgSO4 . 7H2O (0.25 g), Na2SO3 (0.05 g), agar (15 g)
and distilled water (1 l), pH 6.8–7.0 (Davis et al., 1994). Mutants of
XaFL07-1 were produced and cultured on the same medium
supplemented with appropriate antibiotics as described below. All
strains of Xanthomonas albilineans were stored at 280 uC as turbid
water suspensions and retrieved before mutagenesis or plant
inoculation by plating on MW agar medium supplemented with
appropriate antibiotics (Table 1). Escherichia coli strains were grown
on Luria–Bertani (LB) agar or in LB broth at 37 uC, and were
used and stored according to standard protocols (Sambrook et al.,
1989).
Production of rpf mutants by deletion mutagenesis. For splice-
overlap PCR (marker deletion), two regions approximately 1 kb long,
upstream and downstream of the target gene, were independently
PCR-amplified with their respective primer sets and cloned into
pUFR080, as described by Castan˜eda et al. (2005). Primer sequences
and PCR conditions for each target gene (rpfF, rpfG, rpfC) or gene
region (rpfG+rpfC, rpfG+rpfC+rpfF) are described in Table 2. Each
plasmid containing a splice-overlap PCR product that carried both
ends of the target ORF but not the target region was electroporated
into electrocompetent cells of Xanthomonas albilineans as described
by Rott et al. (2011). Following electroporation, 1 ml liquid GW
medium (MW medium without sucrose but supplemented with 10 g
glucose l21) was added to the mix and the culture was grown at 30 uC
for 2.5–4 h with shaking at 120 r.p.m. Culture aliquots (50 ml) were
then spread on GW agar plates containing 20 mg kanamycin l21. Six-
day-old colonies were subcultured on kanamycin-supplemented GW
medium, and the resulting culture was streaked on regular MW
medium containing sucrose to select for double recombination and
exchange of the target gene by the truncated target gene(s). Colonies
that grew on sucrose were analysed by PCR to verify deletion of target
gene(s) using various primer sets described in Table 2.
DSF production bioassays. To detect DSF production with
reporter strain Xanthomonas campestris pv. campestris 8523
pL6engGUS (Slater et al., 2000), strains to be tested were replicated
by stab inoculation into SPA [sucrose (20 g), peptone (5 g), agar
(15 g), distilled water (1 l), pH 6.8–7.0] or MW medium containing
40 mg 5-bromo-4-chloro-3-indolyl-b-D-glucoronide (X-GlcA) over-
laid with 4 ml of a mix containing 2 ml 1.5% Noble agar (w/v), X-
GlcA (40 mg ml21) and 2 ml of reporter strain suspension (107 c.f.u.
ml21 sterile distilled water). The plates were then incubated at 28–
30 uC and, after 24–48 h incubation, DSF-producing strains were
identified by a blue halo around the test culture of Xanthomonas
albilineans.
Pathogenicity assays. All pathogenicity experiments were con-
ducted at University of Florida under greenhouse conditions using
healthy plants of sugar cane cultivar CP80-1743, moderately
susceptible to leaf scald. Inoculum of Xanthomonas albilineans was
prepared from 2 day-old agar cultures. Sugar cane stalks with at least
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four internodes were inoculated with 108 c.f.u. ml21 bacterial
suspensions in sterile distilled water by a decapitation method, as
described by Rott et al. (2011). In this method, the spindle leaves on a
stalk were cut off just below the third visible dewlap with pruning
shears and 0.2–0.5 ml inoculum was then deposited onto the cut
surface. In each pathogenicity assay, sugar cane stalks were distributed
in the greenhouse using a randomized complete block design with
three to eight replications of one plant each.
Table 1. Bacterial strains and plasmids used in this study
Strain Relevant characteristics* Reference or
source
E. coli
E. coli DH5a F2 endA1 hsdR17(rk
2mk
+) supE44 y-thi-1 recA1 gyrA96 relA1 w80lacZDM15
D(lacZYA-argF)U169
Invitrogen
E. coli Mach1-T1R F2 w80lacZDM15 DlacX74 hsdR(rk
2mk
+) DrecA1398 endA1 tonA
(confers resistance to phage T1)
Invitrogen
E. coli TOP10F’ F9 [lacIq Tn10 (TetR)] mcrA D(mrr-hsdRMS-mcrBC) w80lacZDM15 DlacX74
recA1 araD139 D(ara-leu)7697 galU galK rpsL Strr endA1 nupG
Invitrogen
Xanthomonas spp.
8523 Xanthomonas campestris pv. campestris, DSF2, Rifr Tang et al. (1991)
8523/pL6engGUS Xanthomonas campestris pv. campestris 8523 containing pL6engGUS
(pLAFR6, engXCA : gusA fusion), DSF2, Tcr
Slater et al. (2000)
XaFL07-1 Xanthomonas albilineans, wild-type from Florida, DSF+ Rott et al. (2011)
XaFL07-1 derivativesD
DrpfF M15 DrpfF, DSF2 This work
DrpfG M6 DrpfG, defective in DSF receptor protein RpfG, DSF+ This work
DrpfC M29 DrpfC, defective in DSF receptor protein RpfC, DSF+ This work
DrpfGC M9 DrpfG DrpfC, defective in DSF receptor proteins RpfG and RpfC, DSF+ This work
DrpfGCF M15 DrpfF DrpfG DrpfC, DSF2 and defective in DSF receptor proteins RpfG and RpfC This work
DrpfGCF M17 DrpfF DrpfG DrpfC, DSF2 and defective in DSF receptor proteins RpfG and RpfC This work
Plasmids
pCR2.1-TOPO 3.9 kb; PCR cloning vector, Ampr Knr Invitrogen
pCR8/GW/TOPO 2.8 kb; PCR cloning vector, Spr Invitrogen
pUFR047 8.6 kb; IncW, Mob+, lacZa+, Par+, Gmr Ampr De Feyter et al.
(1993)
pUFR080 7.8 kb; sacB gene cloned into DraIII site of pAC3.1, ColE1, Mob+, lacZa+
sacB, Cmr Knr
Castan˜eda et al.
(2005)
pPR010 5.0 kb; 2.2 kb rpfC-AD splice-overlap fragment cloned into pCR8/GW/TOPO, Spr This work
pPR011 5.0 kb; 2.2 kb rpfG+rpfC-AD splice-overlap fragment cloned into pCR8/GW/TOPO, Spr This work
pPR013 6.1 kb; 2.2 kb rpfG-AD splice-overlap fragment cloned into pCR2.1-TOPO, Ampr Knr This work
pPR016 6.1 kb; 2.1 kb rpfG+rpfC+rpfF-AD splice-overlap fragment cloned into pCR2.1-TOPO,
Ampr Knr
This work
pPR017 18.3 kb; 9.7 kb BamHI digested rpfB-prfB fragment from pPYOAAB9CC10 cloned into
pUFR047, Gmr Ampr
This work
pPR017Met pPR017 transformed into chemically competent cells of E. coli containing
pPY0AAB27CH12, Gmr Ampr
This work
pPR021 10.1 kb; 2.3 kb HindIII–XbaI rpfG-AD fragment from pPR013 cloned into pUFR080, Cmr Knr This work
pPR022 10.0 kb; 2.1 kb EcoRI rpfC-AD fragment from pPR010 cloned into pUFR080, Cmr Knr This work
pPR023 9.7 kb; 2.0 kb EcoRI rpfG+rpfC-AD fragment from pPR011 cloned into pUFR080, Cmr Knr This work
pPR024 10 kb; 2.2 kb HindIII–XbaI rpfG+rpfC+rpfF-AD fragment from pPR016 cloned into
pUFR080, Cmr Knr
This work
pPR026 6.1 kb; 2.2 kb rpfF-AD splice-overlap fragment cloned into pCR2.1-TOPO, Ampr Knr This work
pPR027 10.0 kb; 2.3 kb HindIII–XbaI rpfF-AD fragment from pPR026 cloned into pUFR080, Cmr Knr This work
pPYOAAB9CC10 15.3 kb genomic fragment from Xanthomonas albilineans GPE PC73 containing the
rpf gene cluster and cloned into pCNS, Cmr
Pieretti et al. (2009)
pPYOAAB27CH12 10.6 kb genomic fragment from Xanthomonas albilineans GPE PC73 containing ORF
XALc_2634 (methyltransferase) and cloned into pCNS, Cmr
Pieretti et al. (2009)
*Amp, ampicillin; Gm, gentamicin; Cm, chloramphenicol; Kn, kanamycin; Rif, rifampicin; Sp, spectinomycin; Str, streptomycin; Tet, tetracycline;
DSF, diffusible signal factor.
DAll deletion derivatives were made by splice-overlap PCR at the indicated XaFL07-1 locus.
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Scoring of symptoms caused by Xanthomonas albilineans.
Leaf scald symptoms were recorded on emerging leaves one month after
inoculation using a symptom severity scale ranging from 0 to 6, where
05no symptoms, 15one to five pencil-line stripes, 25six to ten pencil-
line stripes, 35more than ten pencil-line stripes, 45leaf chlorosis or less
than 10% leaf necrosis, 5510–50% leaf necrosis and 6551–100% leaf
necrosis (Rott et al., 2011). Inoculated stalks were rated individually and
disease severity (DS) for each stalk was based on the average score of the
three inoculated leaves showing the most severe symptoms.
Determination of sugar cane stalk colonization by
Xanthomonas albilineans. Populations of Xanthomonas albilineans
were determined in 12 (internodes I25 to I+6) to 15 (I25 to I+9) stalk
locations by the stalk blot inoculation technique two months after
inoculation. Internodes I0 to I+4 corresponded to the location of the five
stalk internodes that showed reduced growth after mechanical plant
inoculation using the decapitation method, which cuts leaves still
attached to their internodes (the decapitation site is above the growing
point). These reduced-growth internodes were attached to the inoculated
leaves and were therefore considered to be entry points of the pathogen
into the sugar cane stalk. Stalks were destructively sampled individually by
cutting at the soil level with pruning shears. The rind of the stalk was
cleaned with absorbent paper and flamed with alcohol to ensure external
sterilization. Each stalk location was then aseptically cut transversally, in
themiddle, with sterile pruning shears. Pruning shears were systematically
flamed with alcohol between each stalk location and each stalk. Cut
sections of stalk internodes were all pressed onto two plates each of
WCNCB medium (MW agar medium supplemented with 25 mg
cephalexin l21, 30 mg novobiocin l21, 50 mg cycloheximide l21 and
12.5 mg benomyl l21) (Rott et al., 2011).
Growth of Xanthomonas albilineans was recorded after 5–6 days of
incubation of agar plates at 30 uC. Pathogen population densities were
assessed in each internode using a 0–4 scale, where 05no bacterial colony
in the stalk imprint, 15one to ten colonies in the stalk imprint, 25more
than ten colonies or confluent growth of bacteria in less than 25% of the
stalk imprint, 35confluent growth of bacteria in 25–75% of the stalk
imprint, 45confluent growth of bacteria in more than 75% of the stalk
imprint. Extent of stalk colonization (ESC) was expressed as ESC5100
[(16N1+26N2+36N3+46N4)/46NT], where Ni5number of
internodes with score i and NT5total number of internodes.
Swimming motility of Xanthomonas albilineans. Swimming
motility was assayed with MW medium and SPA medium, both
containing only 0.25% (w/v) agar. Strains were stab inoculated with a
sterile loop to the bottom of the Petri dish, and all plates were
inoculated at least in triplicate (Rott et al., 2011). Swim plates were
incubated at 30 uC, and the diameter of haloes due to bacterial
migration was measured 6–11 days post-inoculation.
Cloning of rpf genes and complementation. A gene cluster from
rpfB to prfB comprising rpfF, rpfC and rpfG of Xanthomonas albilineans
GPE PC73 was cut from pPYOAAB9CC10 with BamHI and ligated into
the same sites of pUFR047 to make pPR017 (Table 1). Plasmid pPR017
were electroporated into electrocompetent cells of Xanthomonas
albilineans as described by Rott et al. (2011). Following electroporation,
1 ml liquid MW medium was added to the mix and the culture was
grown at 30 uC for 2.5 h with shaking at 120 r.p.m. Culture aliquots
(50 ml) were then spread on MW agar plates containing 3 mg
gentamicin l21. Six-day-old colonies were subcultured on gentamicin-
supplementedMWmedium and stored at280 uC upon further testing.
The genome of sequenced Xanthomonas albilineans strain GPE PC73
contains a restriction enzyme gene (XALc_2635) that is associated
with a methyltransferase gene (XALc_2634), and methyltransferases
are known to protect host DNA from cleavage by its own restriction
Table 2. Primers and conditions used in this study
Primer name Sequence* Tm (6C)D Gene/region amplified
For splice-overlap PCR
rpfF-A1 CCTCGGCACCACCATCGCCAA 66 rpfF upstream DNA
rpfF-B1 TCATACGCGTTCAGATCTTATCAATGACGCCACGGTCCGCGA 66 rpfF upstream DNA
rpfF-C1 TAAGATCTGAACGCGTATGAGTGGATGCTACACCTTGGTACAC 66 rpfF downstream DNA
rpfF-D1 ATGCTGACCCATCGCAACCTGG 66 rpfF downstream DNA
rpfG-A1 GAAGTGGAAACGCCAATGATGCA 65 rpfG upstream DNA
rpfG-B3 TCATACGCGTTCAGATCTTATCAGGCACAGCGCGGGCTACTG 65 rpfG upstream DNA
rpfG-C4 TAAGATCTGAACGCGTATGACTGGACCATGGATGCGACACTC 64 rpfG downstream DNA
rpfG-D1 CGCACACGGATGTCGACCTTAC 64 rpfG downstream DNA
rpfC-A1 GATCAAACATCCGCCCGCACGA 65 rpfC upstream DNA
rpfC-B5 TCATACGCGTTCAGATCTTATCACACGTCACACCCCCGGTCG 65 rpfC upstream DNA
rpfC-C5 TAAGATCTGAACGCGTATGAGGGGTGCTAAACCGGGCTATTC 65 rpfC downstream DNA
rpfC-D1 TACAAGCAGCCGCGCATCGTC 65 rpfC downstream DNA
For deletion confirmation
rpfFXaF5 GCGCACGGCTTCTCAGTTA 57 rpfF internal fragment
rpfFXaR5 TTCTGTGCGTCGGGTCTGC 57 rpfF internal fragment
rpfGXaF1 CGATCTGTTGCTGCTCGACT 57 rpfG internal fragment
rpfGXaR1 GAATCGCTTCGCCGACCAA 57 rpfG internal fragment
rpfCXaF1 GTCCCCGTTCCTCCTTGTCC 61 rpfC internal fragment
rpfCXaR1 ATCCAGCACCTCCTCGACCA 61 rpfC internal fragment
Splice-overlap PCR primers See above
*Underlined sequences indicate homology regions added for splice-overlap PCR. All primer sequences are from 59 to 39.
DMelting temperature used.
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enzymes and have been used experimentally for this purpose (Geier &
Modrich 1979; DeFeyter & Gabriel, 1991). Plasmid pPR017 was
therefore transferred from E. coli DH5a into E. coli DH5a containing
plasmid pPY0AAB27CH12 (including methyltransferase XALc_2634)
to make pPR017Met (Table 1), which was then used for comple-
mentation experiments.
Statistical analysis. Statistical analyses were performed with SAS
version 9.2 (SAS Institute). To perform variance analysis with
independent samples, DS and stalk colonization data were arcsin
transformed to stabilize variance with the function [y5arcsin!(sm21)]
for each replication, with s being the read score and m being the
upper limit of the score. For DS, y5arcsin[!(DS/6)] and for stalk
colonization, y5arcsin[!(ESC/100)]. Data for stalk size (y5stalk size
in cm) were not transformed. Variance analyses were performed
under GLM procedure with model y5strain for DS, ESC and stalk
size, and strains were compared using the test of Student–Newman–
Keuls (SNK option under means statement in GLM procedure).
RESULTS AND DISCUSSION
Organization of the rpf gene cluster in
Xanthomonas albilineans
In Xanthomonas albilineans strain GPE PC73, which is
completely sequenced (Pieretti et al., 2009), the rpf cluster
comprises six genes (rpfA, rpfB, rpfF, rpfC, rpfG and rpfE)
with similar organization to that in other Xanthomonas
species, Stenotrophomonas maltophilia and Xylella fastidiosa.
Importantly, the Xanthomonas albilineans genome carries
rpfF, which is predicted to encode the DSF synthase and is
convergently transcribed to rpfC and rpfG which encode a
complex two-component system implicated in DSF signal
transduction in other bacteria. The amino-acid sequences of
RpfF, RpfC and RpfG of Xanthomonas albilineans strain GPE
PC73 show high similarity to those in other xanthomonads
(62–97%); in BLASTP comparisons (http://blast.ncbi.nlm.nih.
gov/Blast.cgi) with Xanthomonas campestris pv. campestris
for example, E values were all less than 102100 and
homologies exist throughout the length of the proteins.
Effects of mutation of rpf genes on DSF
production by Xanthomonas albilineans strain
XaFL07-1
Deletion mutagenesis was performed to generate mutants
of rpfF (DrpfF M15), rpfG (DrpfG M6), rpfC (DrpfC M29),
rpfGC (DrpfGC M9) and rpfGCF (isolates DrpfGCF M15
and DrpfGCF M17). All mutants were verified by PCR
analysis using primers flanking the deleted gene location
(Table 2). As expected, the rpfF and rpfGCFmutants did not
produce any detectable DSF, as shown by a clear zone
around the bacterial cultures, in contrast to XaFL07-1,
which showed a blue halo within 48 h of growth (Table 3).
The rpfG, rpfC and rpfGCmutants exhibited a blue halo that
was larger than the one shown by the wild-type strain,
indicating overproduction of DSF by these mutant strains.
The finding of DSF overproduction by the rpfC mutant is
consistent with the effects of mutation of this gene in other
Xanthomonas species and Xylella (Chatterjee et al., 2008c;
Slater et al., 2000; Wang et al., 2004). However, mutation of
rpfG in other Xanthomonas species gives rise to a reduction
in DSF synthesis (He et al., 2010; Slater et al., 2000; Sun et al.,
2010), indicating a diversification of Rpf function.
DS and sugar cane stalk colonization by rpf
mutants of Xanthomonas albilineans
All rpf single, double and triple mutants and the wild-type
strain XaFL07-1 were inoculated into sugar cane in a
greenhouse experiment. All strains of the pathogen produced
disease symptoms in the leaves, which included pencil lines,
chlorosis and leaf necrosis (Fig. 1) and reduced the growth of
sugar cane (Fig. 2), so that the size of stalk internodes 0–7 was
more reduced than those of the control plants inoculated
with water. Two months after inoculation, all mutants were
also successfully reisolated from the inoculated sugar cane
plants by the stalk blot inoculation technique.
DS of the rpfF mutant (DrpfF M15) was slightly reduced
when compared with the two wild-type isolates of
Xanthomonas albilineans XaFL07-1, whereas DS of the
mutant strains DrpfC M29 and DrpfG M6 was similar to DS
caused by the wild-type isolates (Table 4). However, DS of
the double mutant DrpfGC M9 and triple mutant isolates
Table 3. Characteristics of Xanthomonas albilineans XaFL07-
1 and rpf mutants
Strain DSF production* Swimming motilityD
XaFL07-1 A + +++
XaFL07-1 Bd + +++
DrpfF M15 2 ++ to +++
DrpfG M6 ++ +++
DrpfC M29 ++ +++
DrpfGC M9 ++ +
DrpfGCF M15 2 +
DrpfGCF M17 2 +
*Determined using Xanthomonas campestris 8523/pL6engGUS (Table
1). DSF production identified by a blue halo around the test culture
of Xanthomonas albilineans is assessed as diameter of the blue halo
compared with wild-type XaFL07-1. 2, No DSF production (no blue
halo); +, DSF production level of wild-type (diameter of blue halo
12–14 mm); ++, production of more DSF than wild-type (over-
production of DSF: diameter of blue halo 17–29 mm). Data are from
at least two independent assays with four to six replications per assay.
DDetermined in 0.25% MW or SPA agar medium. Swimming
motility of Xanthomonas albilineans is rated as size of growth halo in
agar medium compared with wild-type XaFL07-1. +, Severely
reduced motility (Fig. 3; growth halo 13–15 mm); ++, reduced
motility (growth halo 21–23 mm); +++, motility equal or similar
to wild-type (growth halo 25–30 mm). Data are from at least three
independent assays with three replications per assay. In each assay,
differences in halo diameters between strains of the different motility
groups were statistically significant (data not shown).
dFreshly isolated from a symptomatic inoculated sugar cane plant.
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DrpfGCF M15 and DrpfGCF M17 was slightly reduced
when compared with the two isolates of Xanthomonas
albilineans XaFL07-1 (Table 4).
In addition to assessing disease symptoms, the ability of the
different bacterial strains to move in the sugar cane stalk was
examined. In two initial experiments, where only two to
three stalks were analysed per mutant, the rpfGM6 and rpfC
M29 mutants appeared to be able to move in the stalk more
effectively than the wild-type. In the first of these inoculation
trials, mutant DrpfC M29 was found in 33 of 33 (100%)
internodes, whereas Xanthomonas albilineans XaFL07-1 was
found in 24 of 36 (67%) internodes. In the second trial,
DrpfG M6, DrpfGC M9 and DrpfGCF M17 were found in 24
of 25 (96%), 20 of 26 (77%) and 23 of 26 (88%) internodes,
respectively, whereas Xanthomonas albilineans XaFL07-1
was found in 29 of 38 (76%) internodes.
These observations prompted us to investigate more closely
the capacity of the rpf mutants to move spatially in sugar
cane stalks. The two wild-type isolates and six rpf mutant
strains were successfully reisolated from internodes of
inoculated stalks and the number of infected internodes
and efficacy of internode colonization was expressed as
extent of entire stalk colonization (ESC), extent of lower
stalk colonization (ESC-lo) and extent of upper stalk
colonization (ESC-up). ESC and ESC-lo of the DSF-
deficient mutant (DrpfF M15) were not different from
those of the two isolates of Xanthomonas albilineans
XaFL07-1 (Table 4), although ESC-up of DrpfF M15 (85)
was slightly lower than ESC-up of the two wild-type
isolates (93–97). In contrast, ESC of all mutants affecting
the RpfCG two-component system (DrpfG M6, DrpfC M29,
DrpfGC M9, DrpfGCF M15 and DrpfGCF M17) showed
higher ESC than the two wild-type isolates of Xanthomonas
albilineans (Table 4 and Fig. 2). The difference in stalk
colonization between these mutants and the wild-type
isolates was restricted to the lower part of the stalk (ESC-
lo) and was not found in the upper part (Table 4).
Swimming motility of rpf mutants of
Xanthomonas albilineans
The effects of mutation of rpfG and rpfC on colonization of
stalks by Xanthomonas albilineans prompted us to examine
the influence of these genes on expression of swimming
motility, a factor that might influence colonization and
virulence, as has been shown in other models (Ryan &
Dow, 2011). Swimming motility of the mutant strains
DrpfF M15, DrpfG M6 and DrpfC M29 was similar to
swimming motility of wild-type strain Xanthomonas
albilineans XaFL07-1 (Table 3 and Fig. 3). In contrast,
mutant DrpfGC M9 and mutant isolates DrpfGCF M15 and
DrpfGCF M17 were severely affected in motility when
compared with the wild-type (motility assessed indepen-
dently three times) (Table 3 and Fig. 3). Swimm-
ing motility does therefore not appear essential for
(a)
(c) (d)
(b)
PL
N
N
PL
N
PL
Fig. 1. Leaf scald symptoms caused by Xanthomonas albilineans after inoculation of sugar cane cultivar CP80-1743. (a)
Symptomless leaf inoculated with water (control). Pencil-line stripes (PL) and necrosis (N) on leaves produced by (b) wild-type
XaFL07-1 (WT), (c) mutant DrpfC M29 (DSF sensor deficient) and (d) mutant DrpfGCF M17 (deficient in DSF synthase and
RpfGC DSF transduction system). All leaves were photographed 1 month after plant inoculation.
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Xanthomonas albilineans in planta because mutant DrpfGC
M9 and mutant isolates DrpfGCF M15 and DrpfGCF M17
were able to colonize the sugar cane stalk more efficiently
than the wild-type strain of the pathogen, as did mutants
DrpfGM6 and DrpfCM29. Mutant DrpfGCM9 and mutant
isolates DrpfGCF M15 and DrpfGCF M17 were, however,
slightly affected in DS observed on leaves, suggesting the
use by Xanthomonas albilineans of different colonization
mechanisms in the leaf and in the stalk. Swimming motility
may not be used by the pathogen to spread or move within
the xylem, and the polar flagellum of Xanthomonas
albilineans may even not be produced in planta. Xylella
fastidiosa is a non-flagellated bacterium that colonizes the
host xylem using type IV pili and twitching motility (Li
et al., 2007; Chatterjee et al., 2008a). Xanthomonas
albilineans may similarly use type IV pili, which are found
in the Xanthomonas albilineans genome, to spread in the
sugar cane xylem.
In Xanthomonas species and Xylella fastidiosa, biofilm
formation is essential for virulence and is controlled by
DSF (Chatterjee et al., 2010; Dow, 2008; Dow et al., 2003;
He & Zhang, 2008; Ryan & Dow, 2011; Torres et al., 2007).
However, microscopic observations of rpf mutants of
Xanthomonas albilineans in inoculated plants showed that
these mutants were still able to form bacterial aggregates in
xylem vessels (I. Mensi, unpublished data), suggesting that
DSF does not control biofilm formation in this pathogen.
Complementation of rpfmutants of Xanthomonas
albilineans
Initial attempts to complement rpf mutants of Xantho-
monas albilineans XaFL07-1 with plasmid pPR017 (con-
taining gene cluster rpfB to rpfG) failed. Only a few
colonies grew on gentamicin-supplemented MW medium
after transfer of pPR017 into Xanthomonas albilineans by
electroporation, and no restoration of wild-type pheno-
types such as motility was obtained. Restriction analyses of
plasmids purified from colonies of Xanthomonas albili-
neans transformed with pPR017 showed that these bacteria
contained rearranged versions of this plasmid lacking most
if not all of the plasmid DNA insert. In contrast, more than
1000 colonies were obtained by transformation with the
empty shuttle vector, pUFR047. It was therefore hypothes-
ized that rearrangements of plasmid pPR017 after transfer
into Xanthomonas albilineans were due to the presence of a
restriction enzyme gene in the genome of Xanthomonas
albilineans XaFL07-1. Plasmid pPR017 was therefore
methylated by transfer into E. coli DH5a containing
plasmid pPY0AAB27CH12 (including methyltransferase
30
 c
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Fig. 2. Sugar cane stalks inoculated with Xanthomonas albilineans. (a) Effect of Xanthomonas albilineans on sugar cane
growth: reduced internode size of stalks caused by wild-type XaFL07-1 (stalks labelled wt) and mutant DrpfF M15 (stalks
labelled DrpfF) compared with distilled water (stalk labelled C). White vertical bars represent growth size of seven internodes 2
months after inoculation and removal of leaves. (b) Extent of stalk colonization by Xanthomonas albilineans, 2 months after
inoculation of sugar cane with wild-type XaFL07-1 (WT) and mutant DrpfC M29 (DrpfC). The vertical lines indicate maximum
distance reached by each strain within the sugar cane stalk.
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Table 4. Pathogenicity of Xanthomonas albilineans XaFL07-1 and rpf mutants in sugar cane cultivar CP80-1743 2 months after
inoculation
The experiment was set up in a greenhouse in Gainesville (University of Florida) using a randomized complete block design with eight replications
of one plant each. Sugar cane cultivar CP80-1743 was inoculated with each strain at 108 c.f.u. ml21. Control plants inoculated with distilled water
were symptomless and free of the pathogen, and data for these plants are not included in variance analysis except for stalk size.
Pathogenicity parameter*Strain
Disease severity
(DS)
Extent of entire stalk
colonization (ESC)
Extent of lower stalk
colonization (ESC-lo)D
Extent of upper stalk
colonization (ESC-up)d
Stalk size (internodes
0–7) (cm)
XaFL07-1A 5.2 (1.21)ab 76 (1.07)c 39 (0.67)c 94 (1.40)ab 21a
XaFL07-1B 5.3 (1.23)ab 79 (1.09)c 42 (0.70)c 97 (1.45)ab 25a
DrpfF M15 4.1 (0.97)c 66 (0.95)c 28 (0.51)c 85 (1.18)c 25a
DrpfG M6 5.6 (1.29)a 96 (1.45)ab 88 (1.36)a 100 (1.57)a 19a
DrpfC M29 5.3 (1.23)ab 99 (1.50)a 96 (1.45)a 100 (1.57)a 25a
DrpfGC M9 4.4 (1.03)c 94 (1.34)ab 88 (1.29)a 97 (1.44)ab 25a
DrpfGCF M15 4.3 (1.01)c 90 (1.28)b 76 (1.12)ab 97 (1.45)ab 24a
DrpfGCF M17 4.5 (1.05)c 91 (1.30)b 77 (1.12)ab 98 (1.46)ab 26a
Water (control) – – – – 43b
*DS and ESC values are on a 0–6 and 0–100 scale, respectively. Variance analysis of DS and ESC data was performed after arcsin square root
transformation of data expressed as proportions (DS/6 and ESC/100). Means in parentheses are arcsin square root transformed data expressed as
proportions (DS/6 and ESC/100). In each column, transformed DS and ESC values followed by the same letter are not significantly different at
P50.05 according to the Student–Newman–Keuls (SNK) test. Variance analysis of stalk size was performed without transformation of data and
values followed by the same letter are not significantly different according to the t-test (P,0.001).
DStalk internodes I25 to I21.
dStalk internodes I0 to I+9.
(a) (b) (c)
(d) (e) (f)
Fig. 3. Swimming motility of Xanthomonas albilineans in modified Wilbrink’s 0.25% agar medium. (a) Wild-type XaFL07-1
(WT), (b) mutant DrpfC M29 (DSF sensor deficient), (c) mutant DrpfG M6 (DSF regulator deficient), (d) mutant DrpfGC M9
(deficient in RpfGC DSF transduction system), (e) mutant DrpfGCF M15 (deficient in DSF synthase and RpfGC DSF
transduction system) and (f) mutant DrpfGCF M17 (deficient in DSF synthase and RpfGC DSF transduction system). Pictures
were taken 12 days after stab inoculation of the medium.
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XALc_2634), creating pPR017Met (Table 1), and then used
to complement the rpf mutants.
Transfer of plasmid pPR017Met into DrpfGCF M17
resulted in growth of more than 1000 colonies after
inoculation of the selective medium with 50 ml of
electroporated cells. Transfer of pPR017Met into DrpfGC
M9 yielded about 10 times fewer colonies (.100). In
repeated trials, transfer of plasmid pPR017Met into DrpfG
M6 and DrpfC M29 produced 0–10 colonies whereas
transfer of empty vector pUFR047 resulted in growth of
more than 1000 colonies of these two mutants. These
results indicated that plasmid pPR017Met was not stable in
DrpfG M6 and DrpfC M29, and these transformed strains
were therefore not further investigated.
After transformation with plasmid pPR017Met, swimming
motility of DrpfGC M9 and DrpfGCF M17 was restored and
even increased when compared with swimming motility of
wild-type strain XaFL07-1 carrying pUFR047: complemen-
ted mutants showed increased swimming capacity as
shown by the larger swimming haloes when compared
with the corresponding strains containing empty vector
pUFR047 (mean of 10 replications: 57 mm versus 17 mm
and 84 mm versus 17 mm for mutants DrpfGC M9 and
DrpfGCF M17, respectively) (see also Fig. 4).
Two months after inoculation of sugar cane stalks (nine
plants per strain), no difference in stalk colonization was
observed between DrpfGC M9 and this mutant complemen-
ted with plasmid pPR017Met. This plasmid was most
probably not stable in planta without antibiotic (gentamicin)
pressure. However, ESC of DrpfGCF M17+pPR017Met was
lower than ESC of DrpfGCFM17+pUFR047 (46 versus 65 in
a first experiment and 29 versus 67 in a second experiment),
thus confirming negative regulation of spread of Xantho-
monas albilineans in the stalk by the rpf gene cluster.
Concluding remarks
Colonization of the sugar cane stalk by Xanthomonas
albilineans is an important feature in disease progress and
resistance of sugar cane to leaf scald (Rott et al., 1994,
1997). The Rpf/DSF cell–cell signalling system is required
for full virulence of Xanthomonas albilineans, but it is not
essential for production of disease symptoms and invasion
of the sugar cane stalk by the pathogen. Nevertheless, this
system may be critical at other phases of the disease cycle,
such as in dissemination. In addition, leaf scald is known to
be a latent disease and the sugar cane plant can be infected
for weeks or months without exhibiting any disease
symptoms (Rott & Davis, 2000). This latency period comes
to an end for unknown reasons and cell–cell signalling and
the action of the Rpf proteins might be involved in this
phenomenon.
The role of DSF in Xanthomonas albilineans remains
enigmatic. DSF did not appear to be essential for production
of albicidin, a virulence factor for Xanthomonas albilineans,
since the rpfF mutant was able to produce the characteristic
pencil-line symptom that is attributed to this toxin (Birch,
2001). The rpfF mutant also affected growth of sugar cane
stalks like the wild-type strain of Xanthomonas albilineans.
DSF might be essential for interactions with another host of
the pathogen. Xanthomonas albilineans is transmitted by
aerial means, but no insect vector has been identified so far
(Daugrois et al., 2003, 2012). However, this bacterial species
possesses an animal-pathogen-associated T3SS of the
Salmonella Pathogenicity Island 1 (SPI-1) injectisome
family, suggesting that this pathogen interacts with an insect
vector (Marguerettaz et al., 2011). Therefore, as in Xylella
fastidiosa (Newman et al., 2004), DSF may play a role in
interactions of Xanthomonas albilineans with an unknown
insect vector.
An emerging theme from studies of the Rpf/DSF system in
different xanthomonads is that although the elements of
the system (RpfF, RpfC and RpfG) are highly conserved,
their actions in different organisms show considerable
diversification to fit specific needs for colonization of
different hosts or niches (Chatterjee et al., 2008a, b; Dow,
2008). In addition, it is becoming apparent that the Rpf/
DSF signalling system has additional complexities that
remain poorly understood. For example, protein–protein
interactions between RpfC and RpfF may act to regulate
DSF signal synthesis and RpfG is known to participate in
divergent signalling cascades (Dow, 2008; He & Zhang,
2008; Ryan & Dow, 2011). The analysis that we present
here for Xanthomonas albilineans indicates even further
diversity of action of these regulatory elements. The lack
of DSF in the rpfF mutant and overproduction of DSF in
(a)
(c)
(b)
Fig. 4. Complementation of swimming motility of Xanthomonas
albilineans in modified Wilbrink’s 0.25% agar medium supple-
mented with 3 mg gentamicin l”1. (a) WT pUFR047, i.e. wild-type
strain XaFL07-1 containing empty shuttle vector pUFR047. (b)
DrpfGC M9 pUFR047, i.e. mutant DrpfGC M9 (deficient in RpfGC
DSF transduction system) containing empty shuttle vector
pUFR047. (c) DrpfGC M9 pPR017Met, i.e. mutant DrpfGC M9
containing plasmid pPR017Met (rpfBFCG gene cluster). The
picture was taken 7 days after stab inoculation of the medium.
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the rpfC mutant of Xanthomonas albilineans are consistent
with findings in a number of other Xanthomonas species
and in Xylella fastidiosa (Barber et al., 1997; Chatterjee
et al., 2008c; Dow, 2008; Newman et al., 2004; Siciliano
et al., 2006). However, mutation of rpfG in Xanthomonas
albilineans also led to an overproduction of DSF, which is
not seen in other Xanthomonas species (He et al., 2010;
Slater et al., 2000; Sun et al., 2010). Secondly, the rpfF
(DSF-deficient) mutant of Xanthomonas albilineans was
only slightly affected in its capacity to colonize the host
plant and to cause disease symptoms, in contrast to other
species of Xanthomonas lacking DSF, which are generally
severely affected in their capacity to cause symptoms
(Dow, 2008; Siciliano et al., 2006; Thowthampitak
et al., 2008). Thirdly, mutations in rpfG and rpfC of
Xanthomonas albilineans had no effect on severity of
disease symptoms but led to an enhanced ability to
colonize sugar cane plants. These observations contrast
with the effect of mutations of rpfG and rpfC in other
Xanthomonas species and Xylella fastidiosa, which gen-
erally result in reduction of virulence and movement of
the pathogen in planta (Chatterjee et al., 2008a; Dow et al.,
2003; Ryan et al., 2010). These Xanthomonas albilineans
strains also overproduced DSF but this did not appear to
be involved in this increased spread of the pathogen in the
sugar cane stalk since the DrpfGCF mutant, which cannot
make DSF, also showed increased capacity for stalk
invasion. Interestingly, increased stalk invasion by the
RpfC and RpfG mutants was only seen in the lower part of
the stalk where bacteria move against the transpiration
stream.
Based on these results, the RpfCG two-component system
appears to be more critical for colonization of the lower
stalk by Xanthomonas albilineans than DSF biosynthesis.
This suggests that the RpfCG system can respond to signals
other than DSF; such signals could conceivably be of host
plant or pathogen origin. Mutation of rpfG and rpfC either
singly or in combination affected the degree of colonization
to the same extent (Table 4). In contrast, effects on
swimming motility and DS were only seen in the double
mutant (Tables 3 and 4). This indicates that RpfC and
RpfG can have regulatory actions that are independent of
each other, as has been suggested previously [reviewed by
Dow (2008)]. Although we have examined swimming
motility in Xanthomonas albilineans, work on Xylella
fastidiosa has shown that this pathogen colonizes the host
xylem using type IV pili and twitching motility (Li et al.,
2007; Chatterjee et al., 2008a). It would now be of interest
to examine the role of type IV pili, which are encoded by
the Xanthomonas albilineans genome, on the ability to
invade the sugar cane xylem.
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